We present an experimental reconstruction of River Murray streamflow to assess present day variations in the context of the past two centuries. Nine annually-resolved palaeoclimate proxy records from the Australasian region are used to develop a reconstruction of streamflow from 1783- Reconstructed River Murray streamflow shows considerable variation since 1783. We estimate that there is a 2.3% chance that the 1998-2008 record low decadal streamflow deficit has been exceeded since European settlement. Stochastic simulations of the decadal variations in River Murray streamflow are computed using the palaeo-streamflow reconstruction to estimate model parameters. From these simulations, we estimate that the 1998-2008 streamflow deficit has an approximate 1 in 1500-year return period.
Introduction
Global Historical Climate Network (GHCN) of stations [Peterson and Vose, 1997] . The stations chosen were those closest to the locations of the climate proxy data (Table 2 ). Due to the short length of record of sea-level pressure data at the candidate GHCN stations NCEP reanalysis SLP data from the grid point closest to the palaeo-proxy record was used [Kalnay et al., 1996] . SST data were obtained from the nearest grid cell in the HadISST data set [Rayner et al., 2003] . The GHCN station data spanned different time periods and contained missing data, so to optimize data availability, the pseudo-proxy stations were only examined over the period 1948-1993. 
Reconstruction method
A River Murray streamflow reconstruction was developed by assuming that the large-scale mechanisms regulating climate variations in several key, remote locations are also responsible for driving a significant proportion of the annual and decadal-scale variations in River Murray streamflow [Chiew et al., 1998; Power et al., 1999; Kiem et al., 2003; Kiem and Franks, 2004; Verdon and Franks, 2007; McGowan et al., 2009] . The climate of the River Murray region primarily responds to atmosphere-ocean interactions stemming from the Pacific, Indian and Southern Oceans [Risbey et al., 2009] . We propose that i) a common climate signal from these sources will reproduce a significant proportion of the variability in River Murray streamflow and ii) the climate proxies in Table 1 represent local climate variations that are sensitive to this common, large-scale forcing and can therefore be used to reconstruct River Murray streamflow. To test the viability of using a remote climate network to reconstruct streamflow, we examine the suite of instrumental climate data at the same locations as the proxy data that were described in section 2.1.3, hereafter referred to as 'pseudo-proxies'. The methodology used to reconstruct streamflow using climate and pseudo-proxies is briefly described here, with further detail provided in sections 2.2.1 and 2.2.2.
The large-scale climate fluctuations that are common to interannual and interdecadal variations in both River Murray streamflow and the remote station network were extracted using principal component analysis (PCA) analysis [Jolliffe, 2002] . PCA was applied to the nine palaeoclimate and corresponding pseudo-proxy records listed in Tables 1 and 2 . In any PCA, the lower-order PCs contain the most coherence (in this case, the common large-scale physical climatic signal) while the higher-order PCs generally contain noise. Therefore, only the lower-order PCs should be retained for analysis. However, deciding on how many PCs to retain is difficult. Too few PCs, and important aspects of the real signal may be excluded, but including too many can introduce extraneous noise.
North et al. [1982] proposed a method to retain PCs with coherent and physically realistic signals only, which is now commonly-used in PCA. This involved comparing the variance explained by successive PCs (the eigenvalues). If the eigenvalues are statistically similar then the latter PC displays an ambiguous signal (see North et al. [1982] for further details). However, North
where reconstructed streamflow (S t ) at time t is the sum of the combined n th regression coefficients ( n,t ) for the n th higher-order principal components ( n,t ) and the residual error term ( t ).
All PCs extracted from the palaeo and pseudo-proxy data were normally distributed. However, the distribution of naturalized streamflow data was distinctly non-normal, displaying a leptokurtic (higher than normal peak,  2 = 5.97) distribution, with a heavy positive skew (to the right,  1 = 2.07). The implications of this meant that regression of the PCs against the raw data would produce a spurious reconstruction. Consequently, a natural log transform was applied to the naturalized streamflow data prior to its regression against the PCs. The resulting transformed naturalized streamflow distribution was close to normal, with skewness ( 1 ) reduced to 0.11 and kurtosis ( 2 ) to 3.32 (a normal distribution has  1 = 0.0 and  2 = 3.0). The regression coefficients for the streamflow reconstruction (equation 1) were then calculated by regressing the raw PCs against the transformed naturalized streamflow data.
In the case of the climate proxies, when applying the regression algorithm, the coefficients were derived using a subsample of the PC time series as the calibration series. The remaining data were then used to validate the resulting reconstruction, as they were independent of the training period.
As a conservative approach we selected 50 years, or approximately half the data, for calibration and used the remaining 47 years for verification. The 50-year calibration period was selected as five decades to preserve both decadal-scale variations and interannual persistence (r = 0.37 at a lag of one year from 1892-1988) in the naturalized streamflow. The choice of calibration period was arbitrary but, as discussed in section 2.2.2, this choice has a significant impact on the apparent skill of the reconstruction. To avoid the issue of over-fitting the regression model to a single calibration period, we use bootstrap re-sampling to develop an ensemble of palaeo-streamflow reconstructions, each time, selecting five random decades from which to derive the regression coefficients. A decade was defined as beginning in any year between 1892 and 1988, which was the period common to both the naturalized streamflow and palaeo-proxy data. This identified 87 possible decades, five of which were randomly selected at any one time for calibration.
Following the regression, both the naturalized streamflow and resulting reconstruction (S in equation 1) were inverted (i.e. the exponent was taken) so that the streamflow reconstruction was reconverted into its original form. Prior to the generation of the reconstruction, all data were normalized relative to the 1948-1993 period of common overlap for the pseudo-proxy data (section 2.2.1) and 1892-1988 for the climate proxy data (section 2.2.2). Finally, the reconstruction was rescaled to have the same mean and variance as naturalized streamflow in Giga Litres (GL).
For the palaeoclimate proxies a 10,000-member reconstruction ensemble was generated, with each member contributing an estimate of the sensitivity of the errors in the reconstruction from two sources. The first are errors associated with the arbitrary selection of the calibration period used to determine the regression coefficients ( n ), hereafter termed the 'calibration error'. Re-sampling of the five decades used for calibration was performed with replacement. However, the resulting spread of decades chosen formed a uniform distribution. Therefore, the uncertainty in the ensemble has not been underestimated because of biases in the choice of decades selected for calibration. The second source of error in the reconstruction relates to the residual errors ( in equation 1) between the reconstructed and naturalized streamflow data, representing aspects of streamflow that could not be captured by the large-scale climate signal (e.g. local weather noise, land-surface properties and local surface hydrology), hereafter termed the 'residual error'. A suite of metrics were then used to estimate the skill for each of the 10,000 River Murray streamflow reconstructions [Cook and Kairiukstis, 1990] . Skill was assessed using the data with which the model was calibrated, and data from the independent verification period. The metrics used were: the Pearson correlation coefficient (r), variance explained adjusted for degrees of freedom (ar 2 ), root mean square error (RMSE), the reduction of error (RE), the coefficient of efficiency (CE), and the sign test (ST). Refer to Cook and Kairiukstis [1990] and Fritts [1976] for a comprehensive description of these statistical measures.
Reconstructing River Murray streamflow using remote instrumental observations -a pseudo-proxy experiment
Prior to reconstructing River Murray streamflow using palaeoclimate proxies, we assessed the viability of using a remote climate network to develop a streamflow reconstruction. The pseudoproxy analysis tests i) which local climate variables are associated with the common large-scale climate variations in the palaeoclimate proxy network, and ii) whether these local climate variations can be used to reconstruct River Murray streamflow from instrumental data.
First, we examined the relationships between the common signal contained in the palaeoclimate proxies and the instrumental climate data at stations close to the locations of the palaeoclimate records (Table 2 ). Mean temperature, precipitation, SLP and SSTs (at locations of coral data only) were chosen as candidate variables. The climate variables at each remote location were correlated against the leading PC from the palaeoclimate proxy network to determine which variable is most closely associated with the common signal extracted from the palaeoclimate network, as shown in Table 2 . The optimal climate variables at each location were then used to reconstruct River Murray streamflow as outlined in section 2.2.2.
Using the adapted methodology by Kestin [2001] for selecting PCs with a realistic climate signal (previously described), the first three principal components were chosen. The eigenvector loadings of each of the PCs for each location are shown in Table 3 . Multiple regression was applied using the full record for calibration. Figure 1 shows the resulting annual and decadal reconstructions of River Murray streamflow from 1948-1993 that were developed from the optimal network of instrumental data at nearby stations to the palaeoclimate data.
The skill metrics of the pseudo-proxy reconstruction are shown in Table 4 . There is significant skill in both annual and decadal streamflow reconstructions. Note that the verification correlation (r verification ) and the CE statistic could not be computed, as both require independent data. Figure 1 demonstrates the ability of a remote network of climate data to be able to extract large-scale common climate signals that can be used to reconstruct a substantial portion of the variability in River Murray streamflow. Though due caution is given to the fact that the pseudo-proxy network could only be computed for a 46-year period, the remote network of instrumental data captures approximately 55% of the annual variations, and 66% of the decadal variations in River Murray streamflow. This confirms the feasibility of using a remote network of proxy data to reconstruct River Murray streamflow.
Reconstructing River Murray streamflow using palaeoclimate proxy data
Following the successful reconstruction of annual and decadal River Murray streamflow from the instrumental pseudo-proxy network, streamflow was reconstructed using the palaeo-proxies from 1783-1988, the period common to all records. Though each palaeo-proxy is annuallyresolved, the time period associated with each annual increment differed for each record. Thus, to determine the period with the strongest common signal the first PC from the palaeo network was correlated against naturalized streamflow for all possible 3, 6, 9 and 12-month averages. The strongest relationship was for the August-July year, closely matching the June-May 'water year' used by water management authorities in southeast Australia. All subsequent descriptions of variations in annual streamflow refer to an August-July year. The errors between each reconstruction ensemble member and naturalized streamflow were normally distributed. Furthermore, the distribution of the autocorrelations in the errors had a mean value of -0.005 and a standard deviation of 0.069, indicating independence. These properties indicate that the errors between the reconstruction and naturalized streamflow are likely to represent random noise rather than a process that could not be captured by the multiple-regression model.
To highlight the sensitivity of the streamflow reconstruction to the chosen calibration interval, each time series was evenly split in two and model skill was determined using data from the first half (1892-1939) for calibration and latter half for verification, and vice versa (Table   5 ). Determining the regression coefficients using the first half of the time series as the calibration period produced strong model skill metrics in the validation period. Conversely, calibrating the model to the latter period verified poorly. Figure 4a shows that the sensitivity of the annual streamflow reconstruction to the full and split calibration periods was small compared to the residuals. However, the effects were compounded in the decadal reconstruction and the relative size of the calibration errors compared to the residual errors increased (Figure 4b ). These results indicate that the subjective selection of a single period for calibration/verification does not adequately represent the full range of model skill, strengthening the case for an ensemble approach.
Given the sensitivities of the reconstruction to the calibration period, the reconstruction skill and the associated errors were calculated for each of the 10,000 ensemble members. The skill metrics previously described are shown for the annual and decadal reconstruction ensemble in Table 4 . The distribution of each metric was non-normal, with most ensemble members displaying some (positive) skew. The best estimate of the reconstruction's skill is represented by the median of the 10,000 estimates of the metric, and a 95% confidence interval denotes the uncertainty. Figure 5 shows the frequency distributions of the calibration and residual errors associated with all ensemble members of the annual and decadal reconstructions. For the annual reconstruction, the calibration errors account for approximately 16% of the total error. This proportion increases to 28% for the decadal reconstruction.
Results

Comparison of reconstructed and naturalized streamflow: 1892-1988
The correlation between the annual (decadal) ensemble median reconstruction and naturalized River Murray streamflow over the The network of remote proxies was unable to capture years with very large high-flow outliers (e.g. 1916-1917, 1955 and 1973) seen in Figure 6a . These outliers reflect the inability of the reconstruction to capture the right tail skew of the observed distribution despite applying a transform, evident in Figure 6b . Conversely, the streamflow reconstruction was highly representative of the lower half of the naturalized streamflow distribution, with the transformation retaining the leptokurtic tendencies. The asymmetry in the ability of the reconstruction to capture low and high flow is seen in Figure 6 , where the scatter of the data is less for the lower portions of the distribution. The ability of the remote proxy network to better capture the low flow years may be an indication that these episodes are more closely associated with large-scale climate variations across the Australasian region, while high-flow years may be associated with more localized hydroclimate variations that are inadequately captured by remote proxies. Nevertheless, Figure 6 and Table 4 shows that the remote palaeoclimate network is able to capture some aspects of streamflow and can provide useful information about River Murray variability in the pre-instrumental period. If we assume that the errors between the reconstruction and naturalized streamflow are representative of those throughout the reconstruction, our analysis suggests that the reconstruction is useful for assessing past changes in annual River Murray streamflow. In particular, we can be more confident that past decadal-scale River Murray streamflow variations lie within the envelope of uncertainty presented here.
Decadal variations in reconstructed high and low River Murray streamflow and possible links to large-scale climate forcing
Having assessed the nature and limitations of the reconstruction against streamflow observations, we now turn to an assessment of decadal variations in high and low streamflow phases over the 1783-1988 period. As an initial comparison, all negative or positive departures at least 0.5 standard deviations from the 1892-1988 mean in the 11-year smoothed median reconstructed and naturalized River Murray streamflow time series were examined. The decadal naturalized streamflow observations displayed the following high and low streamflow sequences: 1897-1911 (low), 1917-1922 (high), 1937-1946 (low), 1950-1960 (high), 1962-1966 (low), 1969-1978 (high), 1988-1993 (high) and 1998-2003 (low) . The reconstructed high and low streamflow periods captured most of the periods in the naturalized record, only varying slightly in terms of year of onset or total duration (Table 6 ). possible that the large early 19 th century streamflow variations might be an artifact of our methodology or biases in the proxy data themselves. To help resolve this, two additional hydrological proxies were compared to our reconstruction to provide independent confirmation of this marked anomaly. A brief qualitative comparison of our streamflow with historical estimates of Lake George levels [Russell, 1877; 1887; Jacobson et al., 1991] and the McGowan et al. [2009] reconstruction of inflows into the headwater catchment of the River Murray are now discussed.
Historical context of high and low River Murray streamflow extremes
A record estimating historical Lake George levels from 1817-1918 was available from historical sources [Russell, 1877; 1887; Jacobson et al., 1991] . Lake George is a precipitation-sensitive basin that lies in a catchment adjacent to the northern boundary of the River Murray catchment area. The lake has no known outlet and has long been recognized as having a highly variable levels [Russell, 1877; 1887; Jacobson et al., 1991] . As such, the Lake George record is useful as an independent hydroclimate proxy to compare with our River Murray streamflow reconstruction.
According to historical sources, record high Lake George levels occurred around 1821 [Russell, 1887] . Russell [1877; 1887] reported that the lake contained water from 1817 and 1828, and perhaps achieved its highest level during June 1823. For example, in 1821 the lake was described as a 'magnificent sheet of water' and in 1824 was reported to be '20 miles long and 8 miles wide'. These years of maximum lake storage reported by Russell [1877; 1887] coincide exactly with the peak in streamflow in our reconstruction, which also reached its peak in the decade centred on 1824.
Curiously, a low streamflow period in the McGowan et al. [2009] reconstruction is identified around 1820, which does not agree with either our reconstruction or nearby Lake George levels.
This may reflect the fact that a single remote proxy was used in their reconstruction of River Murray streamflow, which may contain two separate problems. The first is that the reconstruction is derived from a single PDO reconstruction from China. Using one record from a single location is likely to contain much local climate noise that represents a large-scale climatic signal. Secondly, the assumption of a stationary relationship between that location (or River Murray streamflow) and the PDO may not be valid. Indeed, using an independent proxy record of decadal-scale Pacific variability we showed that the wet period in the 1820s probably coincides with a period of neutral and positive IPO. These IPO conditions were also confirmed by a comparison with the Verdon and Franks [2006] composite PDO reconstruction. If we assume a stationary association between Pacific variability and River Murray streamflow, normal or low-flow conditions would be expected.
Instead our streamflow reconstruction displays record high flow conditions, which is in agreement with an independent comparison of Lake George levels. As such, our results suggest that decadalscale variability influencing the River Murray hydroclimate during the 1820s may not be associated with decadal Pacific-wide variability.
Declining Lake George levels are reported from 1832, culminating in the severe drought around 1840 [Russell, 1877] . In 1838-1839 Russell [1877] states 'there can be no doubt that in these two years of great drought the lake was dry' and that 'the lake was dry enough to drive a team along the middle of it'. Such comments reflect an apparent rapid drying of the lake over a 14-year period from full in 1824, to completely dry in 1838 and confirms a similarly rapid drying at the same time in our River Murray streamflow reconstruction. Again, the McGowan et al. [2009] reconstruction is at odds, registering a period of high decadal-scale flow conditions around 1834.
The agreement between our streamflow reconstruction and Lake George levels confirm the likelihood that the marked high streamflow period followed by an extreme low streamflow period in our reconstruction between 1819 and 1843 is likely to be a real feature of the regional hydroclimate variations during the early 19th century in the MDB.
The Lake George record comprises data extracted from the original Russell [1877; 1887] records until 1904 and modern lake level measurements from various hydrological sources to 1988 [Jacobson et al., 1991] (Figure 9 ). We caution that the early data were developed using nonstandard 19th century techniques and subjective historical assessments of the lake levels from local residents. The record has not been quality controlled and therefore is likely to contain considerable Page 22 of 40 uncertainties. Nevertheless, it provides us with an independent record from the MDB to make relative (rather than absolute) comparisons with our River Murray reconstruction.
There is broad agreement between decadal and multi-decadal scale variations in the Lake George levels and the streamflow reconstruction during most periods (Figure 9 ). Note that the lake levels never decrease beyond one standard deviation below the 1892-1988 mean, as this indicates an empty lake. The quantified record in Figure 9 contains considerable uncertainties associated with the timing and magnitudes for the reason discussed above.
The wet/dry flip seen in the early 19th century is the most prominent feature of the record, as is the descent into the Federation drought in the late 1890s. The broadly drier first half, and wetter second half, of the 20 th century is also evident. There is divergence in the two series from the middle 1860s to the early 1880s. At this time, the Lake George data indicates wet conditions, while the streamflow reconstruction indicates normal and slightly dry conditions. Though the reason for this discrepancy is unknown, one explanation could be land-surface changes associated with land clearing. From the 1860s-1880s much of the Lake George region experienced a substantial increase in agricultural activity with the release of Crown Land to freehold ownership as part of the Robertson Selection Act of 1861 [D. Garden, personal communication] . As part of the Act, 'improvements' to the land associated with these leaseholds included land clearance. However, the extent of the land clearance is difficult to establish [D. Garden, personal communication] . Land clearance may have increased runoff and siltation of the lake, giving the impression of high lake level rather than perhaps more plausible factors like basin aggregation and changes to land surface conditions.
Conclusions
This study introduces a multi-proxy reconstruction of River Murray streamflow from 1783-1988. As no palaeoclimate records were available from within the River Murray catchment area, a network of nine remote proxies in regions representing climate variability from the Pacific, Southern and Indian Oceans were used to develop an experimental streamflow reconstruction. We showed that the common signal from instrumental climate data at the same locations as the palaeoclimate records could be used to reconstruct a significant proportion of annual and decadal River Murray streamflow variability. After applying the same technique to the palaeoclimate data network, we developed a reconstruction that was able to skilfully reproduce approximately 23% (50%) of the annual (decadal) variations in naturalized River Murray streamflow.
To capture the uncertainty associated with calibrating to observations, an aspect not robustly addressed for palaeoclimate reconstructions, we developed a 10,000-member ensemble of reconstructions of River Murray streamflow. The ensemble technique demonstrated that the errors associated with calibration accounted for over one quarter of the total error. From this result, we suggest that ensemble reconstruction techniques should be the focus of further work to improve the estimation of uncertainty in palaeoclimate reconstructions and their subsequent interpretation.
Considering all measured uncertainties in the reconstruction ensemble, we estimate that there is only a 2.3% chance that the record low 1998-2008 streamflow level in the naturalized record has been exceeded since 1783. Our reconstruction suggests that although the 1998-2008 low flow record was not necessarily unprecedented in the 206-year record, it is still highly unusual. Further testing using synthetic simulations of streamflow based on the palaeo-streamflow estimates suggests that the 1998-2008 drought was a 1 in 1500-year event. Given the serious water management implications of this result, model and process-based studies are urgently required to determine the proportion of streamflow variations being forced by natural, decadal climate variability and anthropogenic factors.
A comparison between reconstructed River Murray streamflow and low-frequency climate variability in the Pacific Ocean suggests that their relationship has not remained consistent over the past two centuries. The previously identified relationship between the two during the 20 th century [Power et al., 1999] is confirmed here, adding that our study reveals that the IPO-streamflow relationship was more complex and non-stationary during the 19th century than has been observed over the instrumental period. This 'proof of concept' paper demonstrates that advances in our understanding of long-term climate variability are possible through palaeoclimate research. While our results are encouraging, we recognize that there is a critical need to reconstruct River Murray streamflow (and other important aspects of the Australian hydroclimate) using locally derived proxies that are far more likely to capture regional variations. That said, our successful reconstruction of streamflow variability using remote proxies indicates that even if local palaeoclimate records are unavailable, important information can still be gleaned from a remote proxy network from key teleconnection regions of Australasia.
We have demonstrated that high-resolution palaeoclimate reconstructions offer a unique way of examining decadal, regional hydroclimate variability in the pre-instrumental period, allowing us to interpret modern-day streamflow variability compared to different low frequency mean-state conditions experienced during the pre-20th century period. We recommend that future palaeoclimate research efforts target variations on society-relevant time scales to increase its utility in the complex policy and natural resource management context of a rapidly warming Australia. (ST) is shown as the percentage of anomalies in agreement. Note that the CE and r (for the verification period only) could not be calculated for the pseudo-proxy analysis as no data was retained for independent verification. The skill metrics for the palaeo-proxy analysis is given as the median of the 10,000-member reconstruction ensemble and a 95% confidence interval is included as the error estimate in brackets. Table 4 are given for the split and single period calibration periods. The calibration periods are described as i) Full period calibration , iii) Early period calibration and iv) Late period calibration . Table 6 . Periods of decadal-scale high and low reconstructed streamflow for the River Murray.
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'High' and 'low' are defined as periods where the decadal streamflow anomaly was at least 0.5 standard deviations from the 11-year running mean. Sustained negative and positive phases of Pacific decadal-scale variability (IPO) are also described, with reconstructed IPO derived from the Unified ENSO Proxy [McGregor et al., 2010] . Periods in the reconstruction that are similar to those in the naturalized record are labelled from 1-5. The corresponding periods in the naturalized record Table 1 . Error bars represent a 95% confidence interval of the distribution of 1000 resampled eigenvalues, recomputed from the proxy data that had 10% of data randomly removed as a single block. 
